A recent survey of 17 134 proteins has identified a new class of proteins which are expected to yield stretching induced force-peaks in the range of 1 nN. Such high force peaks should be due to forcing of a slip-loop through a cystine ring, i.e. by generating a cystine slipknot. The survey has been performed in a simple coarse grained model. Here, we perform all-atom steered molecular dynamics simulations on 15 cystine knot proteins and determine their resistance to stretching. In agreement with previous studies within a coarse grained structure based model, the level of resistance is found to be substantially higher than in proteins in which the mechanical clamp operates through shear. The large stretching forces arise through formation of the cystine slipknot mechanical clamp and the resulting steric jamming. We elucidate the workings of such a clamp in an atomic detail. We also study the behavior of five top strength proteins with the shear-based mechanostability in which no jamming is involved. We show that in the atomic model, the jamming state is relieved by moving one amino acid at a time and there is a choice in the selection of the amino acid that advances the first. In contrast, the coarse grained model also allows for a simultaneous passage of two amino acids.
INTRODUCTION
Single-molecule manipulation [1] [2] [3] has opened new perspectives on understanding of the mechanical processes taking place in a biological cell and may offer insights into design of nanostructures and nanomachines. Examples of manipulation of a protein include stretching [4] , mechanically controlled refolding [5] , knot untying [6] and knot tightening [7] . The experimental studies pertained to only a handful of systems and yet demonstrated richness of possible mechanical behaviors. Experiments on stretching generate information on mechanostability. It can be captured by providing the value of F maxthe largest force that is needed to unravel the tertiary structure of a protein. F max can be as large as 480 pN -the value measured for scaffoldin c7A [8] . The structural motif that is the core of resistance to stretching is known as the mechanical clamp. In most cases of large mechanostability, the mechanical clamp consists primarily of parallel [9, 10] (and sometimes antiparallel [11] ) β-strands that get sheared on pulling at two points of attachment, which are often the terminal amino acids. This mechanism is operational, for instance, in scaffoldin [8] and titin [9, 10] .
Recently, we have made stretching simulations for 17 134 proteins within a coarse grained structure-based model [12] . This survey pertained to proteins built of no more than 250 amino acids. Its results are deposited at the BSDB database (Biomolecule Stretching Database, www://info.ifpan.edu.pl/BSDB/) as described in ref. [13] . The survey not only identified about 35 proteins of larger mechanostability than the scaffoldin but it also discovered an entirely new type of the mechanical clamp: the cystine slipknot (CSK). In fact, the 13 top strongest model proteins are endowed with this mechanism.
It involves forced dragging of a piece of the backbone, known as the slip-loop, through a cystine ring which is a special case of a knot-loop. Thus CSK does not exist in the native state but it develops through pulling. The cystine ring arises by connecting two backbone segments by two disulfide bonds between two pairs of cysteins. The ring is a part of what is known as the cystine knot (CK) motif [14] [15] [16] and has been first discovered in the superfamily of growth factors [17] [18] [19] and is responsible for the high mechanical 3 stability of collagen [20] . It typically contains between 8 and 15 residues [14] and it has emerged probably as a result of convergent evolution [21] . The pulling-induced dragging takes place because of the presence of a third disulfide bond that pierces the ring ( Figure   1 ). This CSK mechanism has been predicted [12] to yield F max exceeding even 1000 pN.
Such large forces would arise because of jamming resulting from the slip-loop getting stuck in the cystine ring. An identifiable force peak maximum appears if the steric hindrances are overcome and the clinch is released. It should be noted that the acronym CSK has been initially meant to stand for "cysteine slipknot" [12] as the motif involves cysteins.
However the term "cystine slipknot" used in this paper seems more apt as it brings the role of the disulfide bonds into fore.
At present, there are three well established families within the cystine knot superfamily: growth factor cystine knots (GFCK, e.g. vascular endothelial growth factor [22, 23] ), inhibitor cystine knots (ICK, e.g. scorpion venom proteins [24] ) and cyclic cystine knots (CCK) which have no terminal amino acids [25] . The cystine knot proteins studied in this work are members of the first family. The CK proteins are mostly extracellular factors and they are known for their remarkable stability against enzymatic cleavage [15, 16] .
These 35 strongest proteins, with the CSK mechanical clamp and without, have not yet been studied in single molecule stretching experiments. Furthermore, our predictions are based on a simple model that accounts for the geometry and size of the side groups in a very approximate manner (primarily through the length parameters in the contact potentials) whereas the success in dragging through the cystine ring crucially depends on the actual size and structure of the moving segments involved. In this paper, we perform all-atom steered molecular dynamics (SMD) simulations and confirm the existence of the CSK mechanical clamps with the values of F max being substantially larger than those associated with the shear-based mechanical clamps. We focus on the top 20 proteins identified in the survey as listed in Table 1 . We also consider titin which serves as a benchmark [26] [27] [28] [29] [30] [31] [32] [33] [34] .
We find that even though the coarse grained model captures the essence of the CSK clamp and, in particular, that it involves jamming, it misses several interesting atomiclevel components. The first component is the different origin of two possible stretching pathways: in the all-atom model what matters is the direction of approach of the pulled backbone to the cystine ring whereas it is the number of amino acids (one or two) that cross the ring simultaneously in the coarse grained model. Another component is that the tendency of developing multiple force peaks on a given pathway is stronger in the all-atom model because size modulations in the side groups may split the force peaks.
These modulation are also relevant for thermal stability of the CSK-containing proteins (CSK proteins, for short).
The SMD simulations need to fit in the time scale of several tens of ns and thus have to be performed at pulling speeds which are orders of magnitude greater than what can be achieved in experiments or in coarse grained simulations. The basic pulling velocity used here is 0.04Å/ps. This necessarily leads to the values of F max which are much larger than experimental, typically an order of magnitude larger [9] . Thus our results on F max are also overblown for this reason and have to be scaled down. We show that the functional form of this scaling down is complicated as it involves a crossover between a logarithmic and linear speed dependence. The latter is expected at high speeds when the drag force dominates. Nevertheless, the values of F max obtained suggest that CSK comes with a much larger mechanostability than the shear-based clamp also at the experimental speeds.
For many CSK proteins there is a considerable variation between trajectories in the values of F max . Pinpointing a specific force-based ranking of the proteins is difficult without generating significant statistics of the trajectories. It need not coincide with the one obtained by using the coarse grained model (and based on the dominant pathways).
On the other hand, the ranking of the proteins with the shearing mechanical clamp, and listed in Table 1 , is the same. In addition to providing the force-displacement (F − d) trajectories for typically two trajectories for each protein studied, we also characterize the geometry and sequential make-up of the resulting mechanical clamps and study rupturing 5 of the hydrogen bonds.
RESULTS AND DISCUSSION
The force-displacement curves Table 1 lists 21 proteins that are studied in this paper. The proteins there are arranged according to the value of F max as obtained in the coarse grained model [12] . The energies and forces of that model are determined in terms of an energy parameter ǫ which measures the depth of the potential well in the Lennard-Jones-like native contacts. The forces written in Table 1 are converted to the experimental units using ǫ/Å=110±30 pNthe result obtained by comparing the theoretically determined values of F max to the established experimental data [12] . Notice a considerable error bar in the conversion factor. Another reason for not treating the protein ranking in Table 1 in a verbatim way is that for the CSK proteins at the high end of the force, there is a considerable trajectory dependence in the values of F max both in the coarse grained and all-atom models. Even though the coarse grained values in Table 1 There are more than 100 other CSK proteins in the full set of 17 134 considered in ref.
[12] but they are expected to correspond to lower forces, at least within the coarse grained It should be noted that the coarse grained simulations have been performed at speeds much closer to those expected at the experimental conditions. For the CSK proteins, the largest F max obtained is about 5 times larger than the F max for titin. At the speeds considered in the all-atom simulations, the derived forces are typically 10 -20 times larger than for titin. The extra factor of 2 -4 compared to the coarse grained model should be attributed to the different resolution of the two models and thus to the different ways in which the cystine ring is penetrated. As will be discussed later, the atomically represented ring distorts to an oblique form significantly and allows for penetration to occur only at an acute angle. This kind of penetration is sensitive to what atoms are facing the plane of the ring. In contrast, the cystine ring in the coarse grained model remains more circular and penetration is more vertical. We do not expect any other changes in the physics of dragging a segment of the backbone through the cystine ring to be relevant.
The mechanical clamp involving shearing of β-strands
In order to set the stage for the discussion of the working of the CSK mechanical clamp, we first discuss the shear clamp. The largest value of F max within this mechanism is predicted to arise in the blood clotting streptokinase β-domain -1c4p (we consider chain A) and its very close companion hydrolase activator streptokinase domain B -1qqr. A 8 sequential alignment indicates that 1c4p has two more residues at the N terminus, 1qqr
has three more at the C terminus and there are four sites at which the sequences differ.
The high sequence identity results in a very close structural similarity. one looks into the number of the hydrogen bonds in specific pairs of the strands (Fig.7) .
It is seen that the pairs β 1 -β 4 and β 1 -β 2 lose their couplings at F max , though some of them reappear temporarily later. On the other hand, the sheet β 3 -β 4 loses fewer couplings at and seven β-strands (β3 is 36-41, β4 is 44-46, and the remaining ones are listed in the caption to Fig.7 . The two terminal ones unfold at the beginning and generate a small force peak at d around 50Å. These events are followed by rupturing the sheet formed by the antiparallel strands β2 and β7. The second small peak (around d=160Å) comes from unfolding the bonds related to residues in the segment between 113 and 130 which involves loops and the third short helix. Panel (b) of Fig.7 demonstrates that the primary shear mechanical clamp is formed by two parallel strands β1 and β6 with some contribution from the antiparallel β5 and β6. The bonds between β2 and β7 are seen to disappear much earlier.
The cystine slipknot mechanical clamp
We can distinguish two characteristic groups of the F − d curves: with one force peak (1fzv, 1qty, 1cz8, 1wq9, 1flt, 1vpf, 1wq8) and with multiple peaks. This feature originates primarily from the size of the slipknot loop. In all of the single maxima cases, the proteins have a short and stiff slipknot loop comprising of order six amino acids. Larger slipknot loops (typically of order 30 amino acids) are more flexible and unfavorable steric clashes with the cytine ring get split into several events in various ways and are protracted in time as seen in Figs.2 and 3. Such long loops arise in 1bmp, 1lxi, 1m4u, 1rew, 2bhk, 2gh0, 2gyz, and 3bmp. However, multiple peaks may sometimes also arise with short loops, as discussed in the next section. This effect relates to sizes of the amino acids in the loop.
We first consider two examples of proteins for which we have observed only single force peaks: placenta growth factor 1fzv and vascular endothelial growth factor 1vpf (both human). In the case of 1fzv, the ring is formed from eight amino acids Cys66-Thr67-Gly68-Cys69-Cys70-Cys113-Glu112-Cys111 that make a ring because of the disulfide bonds Cys66-Cys111 and Cys70-Cys113. The slip-loop involves the segment Leu75-His76-Cys77-Val78-Pro79 (see also Table 2 ). Dragging is carried out by the disulfide bond Cys35-Cys77. In the case of 1vpf, the ring is created by the disulfide bonds Cys57-Cys102 and Cys61-Cys104 that link the backbone segments Gly58-Gly59-Cys61 and Glu103 into a tight ring. The slip-loop is formed by another segment of the backbone which consists 10 of amino acids Leu65-Glu67-Cys68-Val69-Pro70 (see also Table 2 ). Dragging is carried out by the Cys36-Cys68 disulfide bond.
The stages of unfolding of 1fzv are illustrated in Fig.9 for the trajectory with F max of 30 390 pN (the other one corresponds to 26 980 pN). Dragging through the cystine ring is seen to take place abruptly -it is accomplished when d varies by less than about 3
A. In the native state, the slip-loop is stabilized by 12 hydrogen bonds between two long parallel β-strands (amino acids 75-91 and 99-115). Almost all of them get ruptured on dragging the slip-loop through the ring as illustrated in Fig.10 . We have demonstrated within the coarse grained model [12] that replacing all of the slip-knot related contacts (inside the slip-loop and between the slip-loop and the ring) by repulsive contacts does not affect F max in a significant manner, indicating that the CSK mechanical clamp operates mostly through overcoming the sterical constraints. Panel (c) in Fig.7 shows that the total number of hydrogen bonds undergoes a sudden drop when the CSK clamp gets ruptured because of a major transformation of the whole structure. Panel (d) in this figure shows that the same observation also applies to the multiple-peak CSK proteins like 1bmp. This has not been the case in the shear mechanical clamps (panels (a) and (b) of Fig.7) because the unraveling at F max is relatively more local and much more gentle.
We now consider the neurotrophic growth factor 2gyz. It is an example of a CSK protein which has (at least) two unfolding pathways, each with several force peaks (another such example is 1m4u). On one pathway F max is nearly twice as large as on the other.
The cystine ring consists of eight amino acids: Cys32-Ser33-Gly34-Ser35-Cys36-Cys100-Gly99-Cys98-Cys32. It is indicated by an ellipse in Figs.11 and 12 . Fig.11 shows two possible ways of crossing the ring by the pulled cysteine whereas Fig.12 , corresponding to the right-hand panels of Fig.11 , defines the geometrical parameters of the CSK that will be discussed when describing temporal changes in the structure of the CSK mechanical clamp. The slip-loop is long and is pulled by Cys70 which forms a disulfide bond with Cys5 which is just near the N-terminus. One branch of the slip-loop is 27-residue long (from Arg37 to Cys70) and the other is 33-residue long (from Cys70 to Ala97). The relevant segment of the slip-loop that has to squeeze through the ring is then Gln67-Pro68-Cys69-Cys70-Arg71-Pro72-Thr73. The steric hindrance arises when this segment of the slip-loop passes near the Cys32-Ser33-Gly34 fragment of the ring. Depending on the history of thermal fluctuations, there are only two ways in which the slip-loop is facing the ring: either the first neighbor Cys32 is closer to the ring or the other first neighbor Arg97 is the one which is closer. The two ways differ by a rotation of 180 o . If the approach to the plane of the ring the were vertical, the two amino acids would enter the ring simultaneously. Instead, the symmetry is broken because the approach is at an acute angle since the pulling direction becomes increasingly parallel to the longer axis of the ellipse that represents the narrowing ring. The first way, shown in the left panel of The separation into large force and small force pathways, independent of the number of the force peaks, should be observed for each of the CSK proteins studied here. However, for short slip-loops one way is expected to dominate, as determined by its sequential makeup, but both possibilities are seen in stretching of 1vpf and 1wq9. For long slip-loops, there is no particular preference for selection of the initial orientation on approaching the ring.
It should be noted that the role of fluctuations depends on the speed of pulling. At small pulling speeds, conformations are expected to get equillibrated better which should reduce choices between various trajectories.
Residue-based description of jamming
We first consider proteins with short slipknot loops such as 1fzv and 1vpf. Figs.13 and 14 illustrate the jamming process through the evolution of the clinched fragment of 1fzv in the immediate vicinity of the force peak. The relaxed, native structure of the fragment is shown at the top for comparison. The fragment comprises the full cystine ring (in green) and five amino acids of the slip-loop near its dragging head -Cys75 (in yellow). The three-residue long fragments of the slip-loop on the left and on the right of the pulling cysteine are listed in Table 2 . The table makes use of the sequential alignments as in refs. [16, 18, 36] . Note that for each of the entries listed in the table, the second sequential neighbor of the pulling cysteine, when counting away from the N-terminus, is always a proline which initiates a β-sheet. In all but three cases, the proline is followed by threonine. Between the pulling cysteine and the proline, the residues can be either small or large.
The cysteine is a relatively small amino acid so it slides into the cystine ring fairly easily. This step, however, bends the slip-loop and raises tension. On further pulling, the neighboring residues (His76 and Val78 shown in brown and pink in the figures respectively) have to penetrate the ring either His76 first or Val78 first with the other of the two following immediately afterwards. The pathway with His75 entering first is dominant because the corresponding conformation is more native-like. It is shown in Fig.13 whereas the other pathway -in Fig.14 . The penetration is resisted by the ring and the system is jammed. This stage determines the value of F max . The dominant pathway yields a larger F max since histidine is bigger in size than valine because of its aromatic ring. In this pathway, when His76 stays jammed, its neighbors Leu75 and Asn74 together with Val78
(which is flanking Cys77 from the other side) form a compact complex. This complex has an attached "hook", Pro79 (in blue), which is pivoting on the ring. Immediately after His76 passes through the cystine ring, this complex passes the ring as well. This event determines the largest force and is very quick. The whole process generates a single maximum. Once the bulky Leu75, Asn74 and Val78 complex crosses the loosened ring, the remaining slipknot residues slide through easily in a swinging motion. When the full length of the slip-loop is exhausted and stretching affects only covalent bonds from the protein backbone, the tension grows again. The pathway in which Val78 is the head amino acid which penetrates the cystine ring (Fig.14) is similar with the role of the neighboring amino acids interchanged. For instance, it is Leu75 which forms a hugging hook on the 13 ring now.
The single peak mechanism involving a passage of a bulky plug is also observed in 1qty, 1wq8, 1flt, 1fzv, 1vpf, and 1wq9. In each of these proteins, the other second neighbor of the pulling cysteine is bulkier than proline and, in the dominant pathway, it is the larger second residue which penetrates the first and paves the way for the smaller companion. It should be pointed out that despite the multitude of the possible values of F max , as seen, e.g. in Fig.3g , there are only two pathways of the ring penetration. The differences in the values arise merely from minute differences in the angle of approach that get emphasized by the very magnitude of the stresses involved.
Multiple peaks arise when the slipknot loop is long and when the amino acids enter in order in which their geometrical sizes keep increasing because the subsequent residues keep forcing the cystine ring ever more open. The resulting sawtooth-like F − d pattern is encountered, for instance, in 1bmp, 2gyz, 2bhk, 2gh0, 1rew, 3bmp. Again, there are basically only two pathways, albeit multipeaked. It is interesting to observe that all of these multiple-peak proteins contain another cysteine. It should be noted that this neighboring cysteine may be involved in forming a dimer state with a similar companion.
In the dimeric state, the slip-loop motion through the ring would be prohibited.
We have found that the passage of the slipknot through the cystine ring is generally associated with a rapid rise in the bond and bond-angle contributions to the total energy.
All remaining contributions to the total energy, such as electrostatic, van der Waals and those associated with the dihedral and improper angles remain fairly unaffected by crossing of the force peaks.
Curvatures in the backbone
Finally, we discuss the geometry of the CSK mechanical clamp in terms of geometry as characterized by the effective curvatures. Previously [12] , we have proposed that the slip-loop can be driven through the cystine ring provided
where R cs and R ck are the radii of curvature of the slip-loop and the ring respectively. We have estimated these radii to be of order 7 and 3Å correspondingly. Symbol t s denotes the effective thickness of the slip-loop and t k that of the ring. Both have been assessed to be around 2.5Å.
Here, we reexamine this condition by determining the local radii of curvature in a way used in the context of the tube picture of proteins [37, 38] , i.e. by finding a circle which goes through the corners of a triangle set by three consecutive C α atoms. Fig.15 shows the thus determined R cs and R ck for 1bmp and 1fzv, together with the semimajor axis, a, of the ellipse assigned to the cystine ring. In the native state, a and R ck are both close to 5Å for both proteins. R cs is found to be about 3Å. On pulling, all of these parameters evolve. Until reaching F max , a generally grows whereas R ck and R cs go down.
At F max , the radii jump upward, indicating an escape from the constriction, and a jumps downward. At each stage, the condition given by eq. 1 is satisfied if the tube thickness is neglected.
In order to estimate the effect of the thickness in a description which does not invoke an explicit tube, we replace one of the corners of the triangle by another atom. For a new effective R cs we take the backbone oxygen atom associated with the pulled amino acid (the line denoted by O). For a new effective R ck we take the sulphur atom (the line denoted by S) residing on the next coming amino acid (see also Fig.12 ). These displaced-atom lines generally follow the behavior of the C α based curvatures, at least until reaching F max .
However, they illustrate the magnitude of the effects associated with the tube thickness.
The shifts are seen to be substantial and indicate that the condition to go through is borderline or even prohibitive if viewed from the tube-like perspective. We conclude that the atomic-level features and structure are important for the CSK mechanism to work when R cs and R ck are comparable in size.
Concluding remarks
Our all-atom simulations confirm existence of huge mechanostability of the CSK proteins that has been predicted by using the coarse grained model. It should be pointed out that there are differences between the way the slip-knot passes through the cystine ring as described by the two models. The all-atom ring is much tighter because of the bigger excluded volume generated by the atoms in the side groups. Thus the passage process involves significant distortion of the ring so that it becomes a narrow ellipse. As a result, only one amino acid can squeeze through at a time. In contrast, the C α -built ring in the coarse-grained model remains fairly circular allowing for the simultaneous passage of up to two amino acids that are the first neighbors of the pulling cysteine. The variations in the magnitude of F max between the trajectories in the coarse grained model, also even up to a factor of 2, arise now not that much from the selection of the amino acid that goes through first but from the possibility of dragging of one or two neighboring amino acids initially.
Our all-atom simulations validate the results obtained through coarse grained modeling in a qualitative way as they support possible existence of the CSK mechanical clamp.
The ultimate test, however, should come from experimental pulling studies and it is the experiments that should establish the true values of F max . Our theoretical estimates of F max are not sufficiently precise and should be considered just as indicative of large forces that are expected to be found. The difficulty that such experiments might encounter is the resolvability of the CSK-related force peaks from the background generated by stretching of the peptide bonds.
This stability of the CK proteins appears to be related to the high mechanical stability found in this paper. Specifically, we have shown that the buildup in the tension results from jamming. The sequential neighbors of the pulling cysteine are of a size that prevents them from penetrating the cystine ring without forcing. Thus we expect that thermal fluctuations would not be able to form a slipknot and change the conformation. Similar stability features should also be operational in the CCK and ICK proteins. Thus even though mechanical stability, in general, need not be related to stability against thermal fluctuations (see, e.g.
[39]) there is a relationship in the case of the CK proteins. In particular, it has been shown [40] that a removal of the disulfide bonds in the CK-containing VEGF protein through mutations lowers the melting temperature significantly.
In a recent survey of multidomain proteins [41] still new mechanical clamps have been identified by using the coarse grained model. Among them are two kinds of tensile clamps -one simple, involving contacts between two domains, and another in which a part of the clamp is immobilized by a non-cystine knot-loop. It would be interesting to investigate atomic aspects of the workings of such clamps by using all-atom simulations as done in this paper.
MATERIALS AND METHODS
All simulations have been performed using NAMD 2.6 code [42] with the all-atom CHARMM27 force field [43] . All of the simulations have been carried out using the same computational protocol. The initial structure is downloaded from the PDB database [44] and then placed within a box with rigid water molecules. The layer of the water molecules is at least 8Å thick. Na + and Cl − ions are introduced into the system at concentration of 0.5 mol/L (between 10 and 20 ions in the box). In order to neutralize the system, additional several ions of one sign are added using a script embedded in the VMD code [45] . The molecules of water are then moved for 100 steps per atom in order to minimize the energy and then equilibrated at the temperature of 300 K during 100 ps of the time evolution. After this stage, the protein atoms are allowed to move and the whole system undergoes 1000 steps of the energy minimization followed by heating from 0 K to 300 K during 50 ps in a stepwise fashion. The last step before stretching consists of 1 ns equilibration at 300 K by using the Langevin dynamics. The time step is set at 1 fs.
In analogy to the coarse-grained approach [46] , the SMD simulations [47] [48] [49] [50] [51] Table 1 . F max is obtained within the structure-based coarse grained model in ref. [12] .
The model is defined in terms of the energy parameter ǫ that determines the depth of the potential well in the native contacts. The conversion to pN is by taking the average relationship ǫ/Å ∼ 110 pN. The pulling velocity velocity is ∼0.005Å/ns. The first column
indicates the ranking of a model protein, the second -the PDB code, and the thirdthe number of the amino acids that are present in the structure used. L max denotes the end-to-end distance at which the maximum force arises and d max the corresponding tip displacement. The last two columns give the leading CATH and SCOP codes. 
Protein
PDBid Slip-loop sequence BMP-7 1bmp K P C C A P T BMP-7 1m4u K P C C A P T BMP-7 1lxi K P C C A P T BMP-2 3bmp K A C C V P T BMP-2 1rew
VEGF toxin 1wq8 S L K C T P V Human GDF 2bhk P T C C V P T GDNF family receptor α-3 2gh0 Q P C C R P T PlGF 1fzv N L H C V P V ARTN isoform 3 2gyz Q P C C R P T Table 2 . Abbreviations used in the table: BMP -Bone morphogenetic protein, VEGF -Vascular endothelial growth factor, GDF -growth and differentiation factor, GDNF -Glial cell line-derived neurotrophic factor, PlGF -Placenta growth factor, ARTN -Neurotrophic factor artemin.
